The ability of patchy populations to persist in human-dominated landscapes is often assessed using focal patch approaches, in which the local occurrence or abundance of a species is related to the properties of individual patches and the surrounding landscape context. However, useful additional insights could probably be gained through broader, mosaiclevel approaches, whereby whole land mosaics with contrasting patch-network and matrix characteristics are the units of investigation. In this study we addressed this issue, analysing how the southern water vole (Arvicola sapidus) responds to variables describing patch-network and matrix properties within replicated Mediterranean farmland mosaics, across a gradient of agricultural intensification. Patch-network characteristics had a dominant effect, with the total amount of habitat positively influencing both the occurrence of water voles and the proportion of area occupied in land mosaics. The proportions of patches and area occupied by the species were positively influenced by mean patch size, and negatively so by patch isolation. Matrix effects were weak, although there was a tendency for a higher proportion of occupied patches in more intensive, irrigated agricultural landscapes, particularly during the dry season. In terms of conservation, results suggest that water voles may be able to cope well with, or even be favoured by, the on-going expansion of irrigated agriculture in Mediterranean dry-lands, provided that a number of patches of wet herbaceous vegetation are maintained within the farmland mosaic. Overall, our study suggests that the mosaic-level approach may provide a useful framework to understand the responses of patchy populations to land use change.
Introduction
Understanding the impacts of land use change on biodiversity is a core issue in landscape ecology and conservation biology [1, 2] . Such impacts have often been assessed by sampling species occupancy or local abundance at replicated sites or habitat patches, and then testing the influence of sets of variables describing the patches and the landscape structure within a defined area surrounding the sampling units [3] . This 'focal-patch' approach has provided valuable information on key factors determining species persistence in fragmented landscapes, contributing decisively to guide conservation management efforts [4, 5] . Recently, however, it has become apparent that additional insights could be gained by scaling up the focus of attention to mosaics of multiple land uses, based on the idea that 'whole' landscapes may have emergent properties that are not fully captured when concentrating only on individual habitat patches [6] [7] . Mosaic-level inference requires replicated sampling of both response variables and predictors at the land mosaic scale, and generally interpret variation in species distribution or abundance across land mosaics in relation the extent of habitat, composition of the mosaic, and spatial configuration of elements [6] [7] . This approach has been considered particularly useful for informing conservation management, because it enhances the matching between the scale of research and the scale at which humandominated landscapes are typically managed [8] .
The mosaic-level approach has proved useful for drawing inferences on generalist and wide ranging species that occupy multiple land uses and elements within land mosaics (e.g., [9] [10] [11] ). Much less is known about the utility of this approach for specialised species that are restricted to discrete habitat patches and have limited movement capability, thereby occurring as metapopulations, or, in a broader sense, as patchy populations [12, 13] . These species have successfully been studied from the focal patch perspective, which produced a large body of evidence showing that patch occupancy and local abundance are mostly related to patch size, quality and geographical isolation [14] [15] [16] , and the permeability of the surrounding matrix to the movement of individuals [17] [18] . However, metapopulation theory suggests that patch and matrix characteristics should also have effects at the level of patch networks besides those at the level of individual patches, which in turn may have far-reaching consequences for species persistence in fragmented landscapes [14] . Although these ideas have mostly been explored through analytic and simulation models (e.g., [19, 20] ), they have also been addressed by a few empirical field studies showing that network occupancy (i.e., the presence/absence of the species in each network) and the proportion of patches occupied, may be influenced by network level features such as total habitat area, total number of patches, average patch size and overall connectivity among patches [21] [22] [23] [24] . These studies used patch networks rather than individual patches as the units of replication, thus sharing clear similarities with the mosaic level approach. However, the taxonomic scope of these studies has been limited and they have not considered the effects of the matrix surrounding patch networks, thus calling for further empirical evidence on the value of mosaic level approaches for understanding the responses of patchy populations to land use change [14, 25] .
Here we provide a case study on the use of mosaic-level inference to understand the effects of agricultural change on patchy populations. We focused on a rodent species of conservation concern, the southern water vole (Arvicola sapidus), analysing the responses of its patchy populations to variation in patchnetwork and matrix features in Mediterranean farmland. Specifically, we sampled replicated land mosaics selected across a gradient of agricultural intensification, estimating for each land mosaic (i) the presence/absence of water voles, and the proportions of (ii) patches and (iii) area occupied by the species. In line with previous network-level metapopulation studies [21] [22] [23] [24] and the land mosaic paradigm [6, 7] , we hypothesised that these population characteristics could be largely explained by relatively coarse mosaic properties such as the extent of habitat available, the number, size, shape and spatial configuration of habitat patches, and the composition of the surrounding matrix. Results of the study were then used to discuss the potential of mosaic-level approaches to produce general management guidelines for the conservation of patchy populations in humandominated landscapes.
Methods

Ethics Statement
The Portuguese nature conservation authority (ICNB -Instituto da Conservação da Natureza e Biodiversidade) authorized the sampling of southern water voles, including the capture and handling of animals (Licences 30/2006/CAPT, 156/2006/CAPT, 312/2007/CAPT, 50/2008/CAPT). The results described in this paper were based on the detection of field signs (mainly droppings and runways on vegetation), without any type of direct contact with voles (e.g., capture, handling, manipulation, transportation, or captivity) at any stage of this study, and so it did not require approval by an Institutional Animal Care and Use Committee (IACUC) or equivalent animal ethics committee. Surveys were carried out in private properties, where authorization of access was obtained. The southern water vole is not a protected species under EU legislation or under the Portuguese national legislation.
Study area and species
The study was conducted in an area of about 2000 km 2 in south-west Portugal (37u 219238u 049 N, 08u 519208u 309 W, Fig. 1 ). The climate is Mediterranean with oceanic influence. Mean monthly temperatures (i.e., sum of daily means/number of days in the month) range between 10uC (January) and 22uC (August), and average annual rainfall is around 650 mm, of which .80% falls in October to March (wet season) [11, 26] . The region is characterized by agricultural mosaics of different land uses dominated by crop and livestock production, which together cover over 65% of the study area [11] . Wood cover is restricted to a few woodlots and hedges with planted pines and eucalyptus delimiting irrigated fields, while semi-natural habitats occur marginally in dunes, entrenched stream valleys, and cork oak woodlands surrounding the farmed areas [11, 26] . Surface waters are mostly associated with small intermittent streams and temporary ponds that flood during the rainy season and dry out in summer, whereas permanent water bodies are scarce and mostly associated with irrigation infrastructures [27] . Despite the overall trend for agricultural intensification since the early 1990s [28] , some areas have been abandoned or maintain extensive agriculture, resulting in many landscape types and ecological gradients that reflect different management options across the region, which are likely to affect water vole populations.
Water voles in the study area are restricted to scattered patches of tall (<.30 cm) and dense (ca. 100% cover) wet herbaceous vegetation dominated by grasses, sedges, rushes, and reeds, which often occupy gently sloping and soft bank-margins of ponds, small streams and irrigation ditches [27, 29] . Although throughout most of its range the water vole occurs close to permanent and stable water bodies (e.g., [30] [31] [32] ), in dry Mediterranean landscapes such as our study area, individuals often persist in seasonally flooded habitats that may become dry during the hottest months [27, 29, [33] [34] [35] . Within habitat patches, water voles form discrete and easily recognized breeding colonies [27, 33] , with individuals typically showing strong site fidelity to their home ranges (mean size of about 900 m 2 , [27] ) and usually moving less then about 30 m between successive days [34] . Mean lifespan of individuals is around 3-5 months [34] , and mating may occur within polygynous or monogamous systems, depending on local habitat quality and population density [27, 34, 36] . As in other regions (e.g., [33] [34] [35] ), suitable habitat patches in the study area are often separated from each other by hundreds of meters of inhospitable matrix, and thus breeding colonies are likely to support distinct demographic units connected by dispersal (mean distances of about 600-800 m [34, 35] ). In addition, there is evidence for local extinction and colonization events, which suggests a metapopulation-like dynamics [33] [34] [35] , similarly to the congeneric A. amphibius populations in many regions from Northern Europe (e.g., [38] [39] [40] ).
Sampling design
The study was based on 75 land mosaics (sampling units) encompassing a wide range of patch network and matrix characteristics, and reflecting the regional gradient of agricultural intensification (Fig. 1) . Land mosaics corresponded to circles of 500 m radius (78.5 ha), which were randomly selected across the study area, constrained to a minimum distance between its centres of 2 km (mean6se [range] nearest neighbour distance between centres = 3.660.07 km [2.5-5.8 km]). The size of sampling units was considered adequate to describe farmland mosaics, given the range of daily movements usually made by individual water voles [27, 34] . In addition, this size was large enough to contain several habitat patches suitable for water voles, while it was sufficiently small to allow replication across the region.
Within each land mosaic, we surveyed the distribution of water voles, and characterised mosaic structure and composition. Because water vole surveys and habitat mapping were time consuming, and we wanted to maximize sampling size at the expense of temporal replication within sites [41] , each land mosaic was sampled only once, either in the wet (October-March) or the dry (April-September) season, and in just one of three sampling years. Specifically, land mosaic surveys were conducted in 2006 (20 land mosaics), 2007 (37) , and 2008 (18) , encompassing the dry (38 land mosaics) and the wet seasons (37) (Fig.1) .
Land mosaic structure and composition
In each land mosaic, we characterised the network of patches available to water voles using eight variables reflecting the overall quantity of habitat, and the average size, shape and connectivity of patches (Table 1) . Habitat patches were identified during systematic field surveys, and mapped through GPS recordings made along their borders. Patch suitability was judged irrespective of water vole presence, based on habitat preferences derived from previous radiotracking studies [27, 29] . We considered as a habitat patch any discrete area covered by suitable wet herbaceous vegetation, which was separated from other patches by .5 m of unsuitable habitat. This small distance was used because artificial gaps such as paved roads are likely to function as effective barriers in the context of the short daily movements of individuals within their home-ranges [34, 42] . The minimum area considered for patch delimitation was 50 m 2 , which was well below the minimum home range size recorded for water voles in the study area (ca. 200 m 2 [27] ). Habitat mapping data was incorporated in a vectorbased Geographic Information System (GIS, ArcView 3.2, Redlands, CA, 1999), and variables characterising the patch network were extracted using the Spatial Analyst software [43] .
We also characterised the matrix surrounding patch networks, using six variables reflecting the dominant land uses and the density of irrigation structures (irrigation channels and drainage ditches) ( Table 1 ). The latter variable was used as an index of agriculture intensification. Land use and irrigation structure mapping was based on recent (2005) high resolution (0.5 m/pixel) aerial photographs, and ground validation. Five main land use classes (i.e. those representing at least 10% of overall cover) were considered: forest plantations (pines and eucalyptus planted for wood production or for crop protection from maritime winds); agricultural land (land used for the production of cereals, vegetables and other crops); improved pastures (sown and irrigated pastures intended for cattle grazing); extensive pastures (natural pastures and fallows lightly grazed by cattle); and cork oak, Quercus suber, woodlands. Land use mapping was done at the scale of 1:1000, although finer scales (down to 1:10) were sometimes used for editing and correcting digitizing errors. To reduce eventual subjectivity in polygon delineation, the minimum polygon area admitted for land use mapping was 5 m 2 .
Vole surveys
The presence and area effectively occupied by water voles within suitable habitat patches were estimated from systematic field searches for their typical presence signs, including fresh latrines or scattered droppings, runways, burrows, and green grass clippings [32] [33] [34] 44] . Water vole signs are easily recognized in the field [44] and provide a reliable basis for large scale surveys (e.g., [32, 33] ). For instance, a single visit of up to 20 minutes was considered adequate to accurately evaluate the presence of water voles in pond-like habitat patches larger than 1 ha [33] . However, because false absences can strongly affect the results of habitat modelling [41] , we minimised imperfect detection by increasing sampling effort and surveying carefully the entire surface of each habitat-patch, rather than stopping searches at first detection. Surveys were always carried out in periods without precipitation, both during the sampling period and at least the previous two days, to avoid eventual disappearance of presence signs [44] . Based on past experience from extensive trapping and radiotracking of water voles in the study area, we are confident that this sampling strategy was adequate for the purposes of this study. Mapping of the areas effectively occupied by voles was made by collecting a set of GPS point locations delimiting their boundaries, which were then incorporated in the GIS. Within habitat patches, presence signs distanced by.30 m (aproximately the mean diameter of a hypothetical circular home-range) were mapped as distinct vole areas.
Surveys were used to compute three variables reflecting mosaiclevel properties of water vole populations in the study area (Table 1) : (i) land mosaic occupancy ( = network occupancy), i.e. the presence/absence of water voles in each land mosaic; (ii) patch occupancy rate, i.e. the proportion of patches occupied by water voles in relation to the total number of patches recorded in each land mosaic; and (iii) extent of occupancy, i.e. the proportion of area effectively occupied by voles relative to the total area of each land mosaic. Land mosaic occupancy was selected because it was considered suitable in previous empirical studies to estimate the attributes of habitat networks influencing metapopulation persistence [22] [23] [24] . Patch occupancy rate was used because it is a network level property that is expected to be affected by the average characteristics of individual patches [14] , though this has seldom been tested (but see, e.g., [21] ). Extent of occupancy was used as a coarse index of overall population size (i.e., number of breeding water voles) within each land mosaic, based on previous radiotracking studies showing that adult water voles have welldefined home ranges, which vary little across seasons in size and overlap between neighbouring individuals [27] .
Data analysis
Statistical analysis aimed to identify relationships between variables reflecting water vole distribution and abundance, and variables reflecting the structure and composition of patch networks and the surrounding matrix. We conducted analysis considering both the entire dataset and the dataset divided per wet and dry seasons, because previous studies pointed out possible seasonal variation of habitat use by water voles at the patch scale [29, 33] , suggesting that mosaic-level effects could also vary across seasons.
Prior to statistical analysis, all variables except indexes and binary descriptors were transformed to approach normality and to reduce the influence of extreme values, using the angular transformation for proportional data and the logarithmic transformation for other continuous variables (Table 1) . Analysis were based on axis extracted from Principal Component Analysis (PCA) with Varimax rotation, in order to reduce dimensionality, solve multicollinearity problems, and identifying the main ecological gradients (eigenvalues .1). Separate PCAs were performed for sets of variables describing (i) patch-networks and (ii) the surrounding matrix, because we wanted to identify potential relationships between the two sets (see below), and because we wanted to assess the relative influence of each set on water voles. The patchnetwork PCA included only the subset of 69 land mosaics where suitable water vole habitats were found (Table 1) . For land mosaics including only one patch (n = 6), estimates of mean distance among patches and mean distance to nearest patch were set at 1000 m, which is higher than the maximum estimates for land mosaics with .1 patches (i.e. 714 m, n = 63). All PCAs were implemented using the open source software R 2.14.2 [45] and the package ''psych'' [46] . To assess whether patch-network gradients were influenced by matrix gradients, we used the subset of 69 land mosaics to perform a Redundancy Analysis (RDA, [47] ), followed by Multiscale Ordination (MSO) integrating the geographical coordinates of sampling units [48, 49] . The MSO is a geostatistical tool based on the general assumption that autocorrelated residuals can alter the results of statistical tests, and consists in performing a constrained ordination on the RDA to check the resultant spatial structure [48, 50] . This method allows the partitioning of results into distance classes, the distinction between induced spatial dependence and spatial autocorrelation, and the use of variograms to check the spatial variance profile of the canonical and residual ordination axis [48] . MSO was performed using 1000 Monte Carlo permutation tests, and considered an interval width of 5 km (about the maximum nearest distance among land mosaic centroids), which resulted in 9 distance classes (from 5 to 75 km). In RDA, the significance of relationships was calculated by performing 1000 permutations [51] . These analyses were conducted in R using the package ''vegan'' [52] .
Generalized linear mixed-effect models (GLMM) were used to analyse the relationships between explanatory and response variables, under an information-theoretic model selection and averaging approach. The season and year of surveys were included as random effects, thereby accounting for potential lack of independence between land mosaics sampled in the same time periods [53] . Water vole occurrence in land mosaics was modelled with binomial error distribution and logit link, considering the subset of 69 land mosaics with suitable water vole habitats. Patch occupancy rates and extent of occupancy were modelled with Gaussian error distribution and identity link. Patch occupancy was analysed using the subset of 69 land mosaics including suitable habitat patches, while extent of occupancy was modelled using the 44 land mosaics where water voles were recorded (see Table 1 and Results). All GLMMs were fitted by maximum likelihood estimation using the function lmer in the R package ''lme4'' [54] .
Model selection involved a two-stage procedure based on the Akaike Information Criterion adjusted to small samples (AICc), which measures the relative support of fitted models [55] . We started by performing univariate GLMMs to evaluate alternative response curves (linear and quadratic) describing the relationships between each response variable and each set of explanatory variables. For each response variable and ecological gradient, the best fitting curve was carried forward to subsequent analysis, using Akaike weights (wi) as the model selection criteria [55] . In each case, scatterplots and regression diagnostics were used to inspect the shape of the fitted curves and to check for problems resulting from the presence of outliers and influential points [51] . Model AICc were estimated using the R package ''MuMIn'' [56] .
We then developed multivariate GLMMs relating each response variable with patch-network and matrix network gradients. Autocovariate terms (ATC) for spatially correlated responses, as assessed from global Moran's I coefficients with associated zvalues.1.96 [57] , were generated using the inverse distance weighting in the R package ''spdep'' [58] , and then considered in model building. In each case, the best fitting model was selected from all possible main-effect (terms order 1) combinations using the Information Theoretical Approach (ITA) of Burnham and Anderson [55] based on AICc and Akaike weights (wi). Uncertainty in model selection was accounted for using AICcbased multimodel inference and averaging (MI), which uses an estimated weighted average across all models based on model weights [55] . The MI approach provides robust estimates of model parameters and higher accuracy of predictions regarding the magnitude of the effects of ecological gradients on response variables [57, 59] . Unconditional standard errors of estimates were used to evaluate the precision of model average estimates using a 95% confidence interval. Estimates whose confidence limits included zero were viewed as having equivocal meaning [55] . The strength of both patch-network and matrix effects on seasonal occupancy patterns of water voles was further assessed by repeating the MI procedure separately for each season, including the surveyed month in the random-effects part of the models. All ITA-AICc analyses were implemented using the R package ''glmulti'' [60] .
Results
Water vole distribution
Water vole habitats were found in 69 out of 75 land mosaics. Overall, there were 413 habitat patches occupying 2.5% of the total area surveyed. About 90% of patches were smaller than 0.8 ha, and about 90% were at less than 250 m from the nearest patch (see Table 1 for detailed summary statistics). Water voles were found at 44 land mosaics, totalling 158 patches occupied, which together covered 0.8% of the landscapes surveyed. Occupancy rates tended to be smaller in the dry season (Table 1) , although differences were not significant (t-tests, p.0.05). The global Moran's I index suggested a positive spatial autocorrelation in water vole land mosaic occupancy (I = 0.04, zvalue.1.96), and a random spatial pattern (z-values ,|1.96|) for both patch occupancy rate (I = 0.02) and extent of occupancy (I = 20.01).
Patch-network and matrix properties of land mosaics
The first three components extracted from the patch-network PCA accounted for 88.2% of the variance in the data ( Table 2 ). The first component (H1) reflected primarily the habitat amount, as indicated by the concurrent increase in the number, total area, and edge density of habitat patches, together with a decrease in the distances to the nearest patch ( Table 2 ). The second component (H2) was primarily related to patch size and shape, as it was positively correlated with the mean size and total area of habitat patches, and negatively correlated with patch perimeter-area ratios and area weighted patch fractal dimensions ( Table 2 ). The third component (H3) was related to habitat isolation, as it was positively correlated with the distances among patches ( Table 2 ). The PCA regarding the landscape matrix extracted three components, together accounting for 77.5% of the variance in the original data ( Table 3 ). The first component (M1) reflected a gradient of irrigated agriculture, as it was positively correlated with the amount of agricultural land and irrigation structures, and negatively so with cork-oak dominated areas. The second component (M2) was interpreted as a gradient reflecting grassland management intensification. The third component (M3) described an increase in forest plantations cover (Table 3) .
Results of RDA (Fig. 2) suggested that there was a positive relation between irrigated agriculture (M1) and the amount of water vole habitat (H1), along with some tendency for smaller patch sizes (H2). In addition, land mosaics with a higher proportion of intensively managed grasslands (M2) had in general less habitat amount (H1) and smaller patches (H2) than land mosaics including extensive pastures. Integration of spatial information into the RDA by MSO revealed no significant spatial correlation among distance classes (see Fig. S1 ), suggesting that patch-network characteristics may be explained by matrix gradients, independently of the geographical location of land mosaics within the study region.
Water vole responses to land mosaic characteristics
Preliminary univariate screening provided strong support for both patch-network and matrix characteristics influencing water vole occupancy patterns within land mosaics (Table 4 , Fig. S2 ). Globally, habitat amount (H1), mean patch size (H2), and irrigated agriculture (M1) had positive effects on water voles. Isolation among habitat patches (H3) showed inconsistent effects, with some support for curvilinear responses in the case of land mosaic occupancy and patch occupancy rate (Table 4 , Fig. S2 ). There was also some support for negative effects of pasture intensification (M2), particularly regarding water voles extent of occupancy within land mosaics, while forest plantation cover (M3) showed weak and generally inconsistent effects on all measures considered (Table 4 , Fig. S2) .
In multivariate modelling, there was a very strong effect of habitat amount (H1) on land mosaic occupancy (Table 5) , which was particularly strong during the wet season (Table 6 ). There was also strong support for the positive effects of mean patch size (H2) and irrigated agriculture (M1) on patch occupancy rates, and a negative effect of patch isolation (H3) ( Table 5) , which were particularly strong during the dry season ( Table 6 ). The extent of occupancy was only influenced by patch-network characteristics, with positive effects of habitat amount (H1) and mean patch size (H2) ( Table 5 ). These effects were particularly supported during the wet season, when an additional negative effect of patch isolation (H3) was also evident (Table 6) .
Discussion
This study examined the value of mosaic-level approaches to understand responses of patchy populations to land use change, with data gathered on water voles inhabiting land mosaics across a gradient of agricultural intensification. We found that mosaic-level attributes of water vole populations (land mosaic occupancy, rate of patch occupancy and extent of occupancy) were strongly related to the characteristics of patch networks (total habitat availability, and average patch size and isolation) and, to a lesser extent, the composition of the surrounding matrix. As the relationships uncovered derived from replicated sampling of land mosaics spanning a large variety of patch network and matrix characteristics, it is expected that they may provide general guidelines to address the conservation management of water voles over a wide range of landscape types. Overall, results were consistent with previous network-level field studies of metapopulations [21] [22] [23] [24] , and suggest that mosaic-level inference may provide useful empirical information for designing landscape mosaics favouring the persistence of patchy populations in fragmented landscapes.
Mosaic-level effects on water voles
Water vole occupancy of land mosaics was primarily influenced by the total amount of habitat available, including the correlated effects of total habitat area and number of habitat patches. These results are consistent with other empirical studies examining the factors affecting metapopulation persistence in patch networks [21] [22] [23] [24] , and with mosaic-level studies revealing a dominant effect of habitat amount on species occupancy of landscape mosaics [6, 7, 61, 62] . Our results thus suggest that the regional distribution of water voles may be determined to a large extent by the availability of suitable habitats, irrespective of the composition and configuration of patch networks and the surrounding matrix. Reasons for the stronger effect observed during the wet season are uncertain, but they may be related to the higher mobility of individuals during this season [34] , which may favour the colonization of land mosaics transitorily vacant during the dry season. Other studies have suggested that occupancy of a patch network may be influenced by dispersal from neighbouring networks [23] , though further research is needed to confirm this view in our system. Variation in the proportion of patches occupied by water voles across land mosaics appeared to be driven primarily by average patch area and isolation. This result is consistent with metapopulation theory [14] [15] , and with a few empirical studies examining the effects of patch attributes at the level of patch networks [21] [22] [23] [24] . The positive effect of average patch area on patch occupancy rate was probably due to the lower risk of population extinction in larger patches, whereas the negative effect of patch isolation was probably related to the decline in the colonization probability of empty patches with increasing distance from occupied patches [14] [15] . Reasons for the stronger effects observed during the dry season are uncertain, but they may be related to harsher environmental conditions during dry and hot Mediterranean summer. Habitat quality deteriorates and breeding activity strongly declines during the dry season [27, 29, 33, 34] , which may increase the extinction risk of local populations, particularly in small patches inhabited by just a few individuals. Colonization probability of distant empty patches may also be reduced during the dry season, both because dispersal movements among patches may be particularly costly during hot and dry periods, and because reduced breeding output limits the abundance of potential dispersers [34] . It is thus possible that the patterns observed were a consequence of colonization-extinction dynamics of local populations like in classical metapopulations, though it could not be ruled out the possibility of individuals retreating from dryer areas in the dry season, but returning in the wet season. This is unlikely, however, due to the reduced lifespan of individuals (around 3-5 months [34] ), and because extensive radio tracking in the study area never documented movement of adults between habitat patches [27] .
The extent of occupancy was unrelated to patch-network features during the dry season, but during the wet season it was positively related to the amount of habitat and average patch area, and negatively so with average patch isolation. As individuals are reproducing during the wet season, they may be able to occupy rapidly the entire habitat available, which may justify the positive effects of total habitat amount and average patch size. However, average isolation may slow down the occupation of the entire habitat available within the patch network, thereby underlying the negative relationships observed with this variable. In contrast, during the dry season there is little breeding and the population is declining, and so the extent of occupancy may be more related to other limiting factors such as fine-scale habitat quality, or predation, which may influence the depletion of individuals at local patches (e.g., [63] ).
The characteristics of the matrix had relatively little influence on water voles, which is in line with previous studies of the species [35] . The only consistent effect was the positive relationship between patch occupancy rate and irrigated agriculture, which was stronger during the dry season. It is possible that irrigation ditches and vegetated wet margins within the dry farmland facilitate movements of water voles, as also referred for A. amphibius populations in the UK, and other semi-aquatic mammals [39, 64] .
Also, irrigation may favour the retention of wet conditions within some patches during the summer, which may improve habitat quality and thus reduce extinction probability. These two factors together may justify increases in the proportion of patches Table 4 . Akaike weights (wi) of univariate models fitted to test alternative water vole response curves (linear or quadratic) to the main mosaic gradients describing the habitat-network and the matrix. The table provides Akaike weights of the best fitting models (wi) for each response variable, the number of models including each predictor, the selection probabilities, and model averaged regression coefficients with 95% confidence intervals. Predictors included in the best models are underlined. Coefficient estimates whose 95%CI excluded 0 are presented in bold. doi:10.1371/journal.pone.0069976.t006
occupied in irrigated landscapes. Lack of additional matrix effects may indicate that dispersal of water voles through the agricultural matrix is little affected by land use type, with the possible exception of irrigated agriculture. In terms of conservation, results suggest that water voles may be favoured in farmland landscape by maintaining land mosaics with a number of patches dominated by wet herbaceous vegetation, even if these are embedded in an intensive agricultural matrix. Achieving this goal requires the conservation of marginal herbaceous vegetation of temporary ponds, small streams and ditches, and areas with elevated water tables, which provide the habitat conditions needed by the species [27, 29, [32] [33] [34] . Water voles appeared relatively indifferent to the land use types surrounding habitat patches, which suggest that less attention may need to be given to the management of the matrix than what seems to be required by other Mediterranean voles of conservation concern [26] . Also in contrast to other Mediterranean farmland species (e.g., [28, 65] ), water voles appeared to cope well with the conversion from traditional dry agriculture to modern irrigated crop and pasture production, probably because this may favour the retention of wet habitat patches and enhance dispersal probability during the dry summer conditions. There was some evidence, however, that irrigated agriculture may result in smaller habitat patches, which in the long run may conduct to lower persistence probability.
Applications and limitations of mosaic-level approaches
Conservation planning in fragmented landscapes requires the identification of the attributes of habitat networks and the surrounding matrix that maximise the persistence of patchy populations of conservation concern [18] . This problem has been addressed primarily by estimating factors affecting population occurrence and abundance at the patch level [3, 4] , and then scaling up to entire patch networks using analytic or simulation models [19, 20] . However, results of the present study and of a few metapopulation studies conducted at the network level [21] [22] [23] [24] , support the view that useful additional insights could be gained through empirical studies conducted at broad, mosaic-level approaches [6] . Specifically, mosaic-level approaches may be useful to provide empirical testing of some metapopulation model predictions, as well as to generate novel ideas that can be amenable to theoretical treatment or to be used in practical conservation management [21] [22] [23] [24] .
The key aspect of the mosaic-level approach as applied to patchy populations is that it involves replication of habitat networks, potentially encompassing a wide range of variation in composition and configuration attributes of patch networks and the surrounding matrix [6, 14] . As a consequence, this approach permits direct empirical estimates of the attributes of patch networks (and the surrounding matrix) that explain whether they support a patchy population or not, and as well as variation in the prevalence and abundance of the population across networks (e.g., [23, 61, 62] , this study). In contrast, focal patch studies use patches as the units of replication, and thus their inference is made on factors influencing patterns of local occupancy or abundance (e.g., [16, 27] ). Although network-level attributes can also be considered in focal patch approaches, their influence is measured in terms of their contribution to explain variation in occupancy or abundance at the level of individual patches. Therefore, the type of inferences that can be drawn from the mosaic-level approach is distinct from that obtained through focal patch studies, and so it may contribute with additional insights for the conservation management of patchy population.
Despite their potential value, mosaic-level approaches may also have some limitations, and may not be applicable to all types of patchy populations. One potential problem is that these studies require a number of patch networks with different sizes and configurations, which may either be unavailable, or to be too costly or time-consuming for sampling. This probably explains why these studies have remained relatively scarce, and have focused primarily on invertebrates occupying relatively small habitat networks, with most examples being based on relatively small sample sizes [21] [22] [23] [24] [25] . Limitations of sample sizes may reduce the strength of inferences that can be drawn from mosaic-level studies, though this should only be a shortcoming where a sufficiently large number of patch networks is unavailable for sampling. Another problem is that mosaic-level approaches may be too coarse for detecting fine scale processes affecting patchy populations, which may limit their utility for developing management guidelines for specific landscapes [66] . For instance, details of habitat patch quality may be blurred in land mosaic approaches, though this may be an important factor affecting metapopulation persistence [67, 68] . The geographic position of specific patches within a network may also influence metapopulation persistence, but this is typically not covered in mosaic-level studies [14, 15] .
Considering their potential strengths and limitations, we suggest that the mosaic-level approach may be particularly suited for studies focusing on patchy populations occupying relatively small patch networks (e.g., invertebrates, small mammals), which can thus be sufficiently replicated at the regional scale (e.g., [21, 63] ). However, as patchy populations may be affected by factors occurring at different spatial scales, it might be valuable to combine mosaic-and patch-level approaches in a single hierarchical framework, which to the best of our knowledge has been carried out only in a single study [24] . Finally, we suggest that the application of the mosaic level approach to several species and study systems might provide useful empirical evidence on the patch network and matrix attributes favouring the persistence of patchy populations in fragmented landscapes. Figure S1 Variogram plot of the multiscale ordination (MSO) of redundancy analysis (RDA) relating patch-network and matrix gradients of land mosaics. The number of pairs of observations within each distance class is presented above the x-axis. The maximum extent for the interpretation of the variogram (vertical dashed line) is ca. 38 km. The residual variance shows no spatial correlation and the overall variogram is essentially flat, suggesting that patch-network and matrix relationships are scale-invariant (pvalues of permutation tests for independence of residual variance always greater than 0.05, after Bonferroni correction for 9 simultaneous tests). (TIF) Figure S2 Scatterplots showing linear and quadratic relations of water vole response variables with patch-network and matrix characteristics of land mosaics. In each case, the best fitting curve (in red) was carried forward to multivariate analysis, based on Akaike weights (wi). (TIF) facilities near the study area. We also thank Don A. Driscoll, Xavier Lambin, and two anonymous reviewers for their invaluable comments and suggestions that contributed to greatly improve the paper.
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